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Transcriptome profilingUnderstanding physiological adaptations of organisms to temperature changes that characterize their habitat is
the first step in predicting the putative effects of global climate change on population dynamics. Mudflats are an
important part of the intertidal zone and experience extreme and fluctuating temperatures. Therein, species
would be potentially susceptible to global warming. The present study explored physiological adaptations of
burrowing species to life in an intertidal mudflat by analyzing the potential operative temperatures in the mud-
flat, and assessing cardiac performance and the transcriptional response to thermal stress by a typical burrowing
bivalve, the razor clam Sinonovacula constricta in different thermal environments, mimicking conditions during
low tides. Clams showed higher thermal sublethal limits in mud with overlying air than in mud with overlying
water, indicating an adaptation to rapidly changing ambient temperatures and thermal environments during
emersion. This sublethal limit was far above the maximum operative temperature in the actual habitat site and
suggests a potential buffer zone to ensure survival under unexpected high temperatures, that could occur with
global warming. In response to high temperature, S. constricta exhibited the common heat stress response by
up-regulating expression of the Bcl2-associated athanogene 3 (BAG3) and heat shock proteins to cope with the
adverse effects of high temperature on protein homeostasis. Increased expression of key genes, includingmolyb-
denum cofactor synthesis 3 (MOCS3), oligoribonuclease (REX2), and NFκappaB inhibitor alpha (NFIA) may fur-
ther remit the effect of thermal stress during the emersion period and delay a situation where clams reach
their thermal sublethal limit, thereby helping to endure high temperature during low tide. These results clearlyrine Environmental Science, College of Ocean and Earth Sciences, Xiamen University, Xiamen 361102, China.
Fig. 1. Schematics of rapidly changing thermal environme
rising tide. No. 2 and 3 indicate the situation during low t
2 W. Zhang et al. / Science of the Total Environment 710 (2020) 136280illustrate significant adaptations of a burrowing bivalve to life in intertidalmudflats at both physiological andmo-
lecular levels and can provide insights into potential physiological or evolutionary responses that could aid sur-
vival of mudflat species in a changing global climate.
© 2019 Elsevier B.V. All rights reserved.1. Introduction
Global climate change, with more extreme heat events and global
warming, is an important issue that threatens survival, growth, and re-
production of organisms in the future (Bellard et al., 2012; IPCC, 2014;
Paital et al., 2016). To forecast the destiny of organisms in the context
of global climate change, especially for organisms inhabiting environ-
ments with extreme or fluctuating temperatures, studies of their phys-
iological adaptations to their habitat centering on temperature change
are needed. Physiological adaptation is partly reflected in a general
match between organismal thermal tolerance and habitat temperature
achieved by underlying mechanisms supporting the thermal response.
Thermal tolerance determines the geographic distribution, adaptation
and response to global climate change (Sunday et al., 2014). Since adap-
tation to a broad range of temperatures has a high physiological cost, as
proposed by the thermal adaptation hypothesis, organismswill develop
a thermal tolerance that matches temperatures of their geographic
range (Sunday et al., 2012). The physiological mechanisms that support
thermal tolerance are important because they could buffer the effect of
global warming and work towards an evolutionary response to global
climate change, which may determine the destiny of organisms.
The intertidal zone is one of themost physiologically challenging en-
vironments wherein organisms experience rapid and drastic changes in
environmental factors, especially temperature (Brian et al., 2002;
Helmuth et al., 2006). Studies have shown that several species
inhabiting the intertidal rocky shore, such as the limpet Siphonaria ja-
ponica or crabs of the genus Petrolisthes, may be sensitive to global
warming, from the perspective of their thermal tolerance and physio-
logical responses to thermal stress (Dong et al., 2017; Stillman, 2002;
Wang et al., 2017). During the tidal cycles, organisms inhabiting inter-
tidal rocky shores alternate between fully aquatic and fully terrestrial
environments, and the organisms on the shore consequently experience
rapidly changing thermal environments (Dong et al., 2008; Jimenez
et al., 2016). As previous studies described, some crabs and mollusks
inhabiting the intertidal rocky shore live close to their upper thermal
limits, especially for individuals in the sun-exposed sites (Dong et al.,
2017; Somero, 2010; Stillman and Somero, 2000; Wang et al., 2017).
In addition, desiccation and hypoxia during emersion may aggravate
the adverse effect of thermal stress on species inhabiting intertidal
rocky shores (Pörtner, 2001; Artigaud et al., 2014; Dong and Zhang,
2016). However, other intertidal habitats are also at risk but have re-
ceived limited attention (Watson, 2018).nts for Sinonovacula constricta in the
ide wherein overlying water changesIntertidalmudflats are traditionally thought to buffer their species to
remit adverse effects of extreme climate or increased temperature. Re-
cent studies have shown that mudflat species are or will be threatened
by heat waves or global warming (Saeedi et al., 2017; Watson, 2018).
This calls for more attention to the effect of global warming on mudflat
species, by assessing the physiological adaptations of these species to
their habitat. Burrowingmollusks are important for themudflat ecosys-
tem as an essential link between primary production and higher tropic
levels in the food web (Hlbbert, 1976; Sokołowski et al., 2012). Al-
though various mollusks employ a burrowing lifestyle in the mudflat,
which can buffer thermal stress to a certain extent, they can still en-
counter large changes in temperature as well as rapidly changing ther-
mal environments between immersion and emersion. During a
receding tide, seawater levels fall and leave the water column in the
sediment, and then high evaporation results in an air column above
burrowed mollusks (Beigt et al., 2008). Therefore, burrowing species
experience overlying seawater changing gradually to overlying air
with increased temperature during low tide (Fig. 1). Several studies
have revealed the thermal tolerance or physiological responses to in-
creased temperature by various mudflat species, such as Scrobicularia
plana or Cerastoderma edule, while further knowledge about physiolog-
ical adaptation to thermal stress or rapidly changing thermal environ-
ments and underlying mechanisms remains to be explored (Fan et al.,
2002; He et al., 2013; Wilson, 1981; Zhang et al., 2019).
Thermal lethal limits and sublethal limits are both important factors
in assessing the thermal tolerance of organisms. Heat stress that ex-
ceeds the sublethal limit can impair physiological functions of organ-
isms and affects their responsiveness to further warming. In fact, the
thermal sublethal effect has been proven to affect the burrowing ability
of freshwater mussels, which is essential for escaping from further ris-
ing temperature (Archambault et al., 2013). Cardiac performance can
indicate thermal sublethal and lethal limits of mollusks effectively
(Dong et al., 2017; Tagliarolo and Mcquaid, 2015). Heart rate increases
with rising temperature until the Arrhenius break temperature (ABT)
is reached, which indicates when thermal sublethal stress has occurred.
After the ABT, heart rate decreases rapidly with a further rise in temper-
ature until the flatline temperature (FLT) is reached, indicating the
death of the organism.
The present study aims at detecting physiological adaptations of
borrowing bivalves to life in an intertidal mudflat. The razor clam
Sinonovacula constricta (Lamarck, 1818), a typical bottom-burrowing
bivalve in the intertidal zone of China, Japan and Korea, was used asmudflat during a falling tide. No. 1 indicates the situation that S. constricta inhabit during
to overlying air.
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ferent depths of the mudflat was measured and differences in thermal
tolerance of the clams were assessed by cardiac performance measure-
ment in different environments that theymay experience during falling
tides (i.e. in mud with overlying water vs. overlying air). Molecular
mechanisms underlying response to thermal stress and rapidly chang-
ing thermal environments were also explored by transcriptome
analysis.
2. Materials and methods
2.1. In situ temperature measurements
In situ operative temperature measurement was conducted from
April to August 2019 with roboclams that were made with information
buttons (DS1922L, Maxim integrated, USA), vulcanized rubber (No.
2131, Minnesota Mining and Manufacturing, USA), and shells of S.
constricta. The roboclamswere positioned in themudflat in different sit-
uations: 1) roboclams were stuck to a stick and placed 10–20 cm above
the surface of themud flat to measure the operative temperature when
clams are forced to leave the sediment during low tide (Tallqvist, 2001);
2) roboclams were buried 15–20 cm under the surface of the mudflat
where the clams usually live; and 3) roboclams were buried deeply
under the mud at 40–50 cm where clams can retreat to avoid extreme
environmental stress. For each approach, three roboclams were de-
ployed. The measuring accuracy was set at 0.0625 °C and the interval
was 10 min.
2.2. Test organisms
Razor clams S. constricta (mass = 11.45 ± 2.09 g, n = 108) were
achieved from a natural mudflat in Xiamen, Fujian, China
(24.6°N,118.3°E) and were transported to our laboratory at Xiamen
University. After a short acclimation of 3 days at 25 °C water tempera-
ture and 28 psu salinity, these clams were used for cardiac performance
measurements and subsequent heat treatment studies.
2.3. Cardiac performance measurement
Cardiac performance was measured using a non-invasive method
(Dong and Williams, 2011). Three experimental environments were
used to test cardiac performance measurements based on actual and
possible thermal environments that the clams experience during low
tides: 1) clams were placed in air only; 2) clams were buried in mud
(obtained from the sampling field, sifted by 40 mesh, and with ~ 40%
water content) with overlying air (mud-air condition); or 3) clams
were buried in the mud with overlying seawater (mud-water condi-
tion). In each environment, 24 individual clams were tested. Heating
processes was done using a controllable water bath. Experimental tem-
perature, recorded by a temperature sensor (54-II, Fluke, USA), in-
creased continuously from 25 °C at a rate of 6 °C per h until the
individuals showed no heart beat (FLT). The infrared heart beat signal
was amplified (AMP03, Newshift, Portugal), filtered, smoothed, and re-
corded with a PowerLab unit (12/30, ADInstruments, Germany). Data
were analyzed with LabChart (v7.2). ABTs were calculated by seg-
mented linear regression using Origin 2017 (OriginLab Corp., USA)
with data that lay above or below the temperature at which the highest
heart rate occurred, as described by Dong et al. (2017).
2.4. Sampling for RNA-seq, RNA isolation, library construction, and
sequencing
Three groups, each containing 6 individuals, were used for RNA-seq.
Clams acclimated in the mud with overlying sea water at 25 °C for a
whole exposure period (~2.5 h) were used as the control group, mim-
icking the usual habitat environment for the clams. Clams in twoother groupswere heat treated in two environments: mudwith overly-
ing air (mud-air condition) or overlying seawater (mud-water condi-
tion), respectively. Temperature was changed identically as described
above for the cardiac performance measurement. When temperature
reached 37.5 °C (considered the ABT of S. constricta from mud-air and
mud-water conditions), individuals were dug out and foot muscle was
rapidly isolated, and then frozen in liquid nitrogen for further analysis.
Total RNA was extracted from muscle samples using a miRNeasy
Mini kit (217004, QIAGEN, Germany) according to the manufacturer's
protocol. RNA purity, concentration and integrity were tested with aga-
rose gel electrophoresis, NanoDrop spectrophotometer (2000, Thermal
Fisher Scientific, USA), and a bioanalyzer (2100, Agilent, USA), respec-
tively. A total of 1 μg RNA per sample was used as the input material
for library preparation with a NEBNext Ultra RNA Library Prep Kit for
Illumina (NEB, USA) and index codes were added. The mRNA was iso-
lated using poly-T oligo-attached magnetic beads (Vazyme Biotech,
China) and fragmentation was conducted with divalent cations under
rising temperature in NEBNext First Strand Synthesis Reaction Buffer
(5×). First and second strand cDNA were synthesized using a random
hexamer primer, M-MuLV Reverse Transcriptase, DNA Polymerase I
and RNase H. NEBNext Adaptors with hairpin loop structure were li-
gated to prepare for hybridization after adenylation of 3′ ends of DNA
fragments. The fragments were purified with an AMPure XP system
(Beckman Coulter, Beverly, USA) to select cDNA fragments of preferen-
tially 240 bp. Then PCR was performed with cDNA, Phusion High-
Fidelity DNA polymerase, Universal PCR primers, and Index Primer. Fi-
nally, PCR products were purified and quality was assessed on the
Agilent Bioanalyzer 2100 system. After cluster generation, the library
was paired-end sequenced on Illumina HiSeq 2000 platform.
2.5. Quality control, transcriptome assembly, and functional annotation
After sequencing, clean readswere obtained by removing reads con-
taining adapter, poly-N, or low-quality raw reads. Transcriptome de
novo assembly was conducted using Trinity (v2.5.1) with default pa-
rameters (Grabherr et al., 2011). Transcripts were screened out with
De Brujin figures and reads information. Gene functionswere annotated
using the following databases: non-redundant protein database (NR),
Swiss-Prot protein database, clusters of proteins database (COG/KOG/
eggNOG), Gene Ontology (GO), and Kyoto Encyclopedia of Genes and
Genomes (KEGG). The threshold value was set at an E value b e−5.
2.6. Expression levels estimation, DEG analysis, and enrichment analysis
Expression levels were estimated as Fragments Per Kilobase of exon
Million (FPKM) using the software RSEM (v1.2.19) with default param-
eters from clean paired-end data (Li and Dewey, 2011). For each group
vs. control group, FPKM of each unigene from 6 replicates were used to
conduct differentially expressed gene (DEG) comparison using DESeq2
(v1.6.3) and EBSeq (v1.6.0) R packages (Anders and Huber, 2010; Leng
et al., 2013). The threshold value of DEGs was set as a false discovery
rate (FDR) b 0.05 and a minimum of 2-fold difference in expression. In-
formation for DEGswas subjected to GO and KEGG enrichment analyses
using topGO (v2.28.0) R package based on Kolmogorov-Smirnov test
and KOBAS software (Alexa and Rahnenfuhrer, 2010; Mao et al.,
2005). The threshold value for GO significant enrichment was KS-
P b 0.05 and Significant value N Expected value, and the threshold
value for KEGG significant enrichment was corrected-P b 0.05.
2.7. Validation of RNA-seq
To validate the results of RNA-seq, heat stress treatments were con-
ducted repeatedlywith 18 individuals. Total RNAs were isolated and re-
verse transcribed. Expression levels of several genes involved in
important physiological functions were selected for validation by real-
time PCR, using β-actin as the control gene (Normfinder Stability
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athanogene 3 (BAG3), HSP23, HSP70, HSP90, two isoforms of hypoxia-
inducible factor 1 alpha (HIF1A), molybdenum cofactor synthesis 3
(MOCS3), NFκappaB inhibitor alpha (NFIA), and oligoribonuclease
(REX2). Primers and amplification efficiencies are shown in Supplemen-
taryfile 1. Real-timePCRwas conducted using a CFX96™Real-TimeSys-
tem (Bio-Rad Laboratories, USA)with the conditions described in Zhang
et al. (2017) and relative expression levels were calculated according to
the 2−ΔΔCt method (Schmittgen and Livak, 2008).
2.8. Statistical analysis
Since homogeneity of variance could not be satisfied completely, a
Kruskal-Wallis test followed by Mann-Whiney U post hoc test was
used to compare intergroup differences of ABT, FLT, and the difference
value between FLT and ABT, and employed in real-time PCR validation
to compare relative expression levels among different groups. All data
are presented as mean ± SD and a significant difference was accepted
if P b 0.05.
3. Results
3.1. In situ temperature
During the monitoring period from April to August 2019, tempera-
tures measured by the roboclams were stable for probes placed deep
in the mud (40–50 cm), showed greater variability for probes at
15–20 cm, and were highly variable for probes above mud (Fig. 2A).
Highest operative temperature above the mud exceeded the ABTs of
several individual clams in air and a similar phenomenon was observed
between temperature in sites under mud and ABTs in the mud-water
condition (Fig. 2A). In general, ABTs of S. constricta in the mud-air con-
dition were higher than the operative temperature under mud or
deep under mud during low tides (Fig. 2A).
3.2. Differences in cardiac performance
Razor clams held in air or under the mud-air condition showed
higher ABT values than those that in the mud-water condition
(P b 0.001) whereas individuals in air had the highest FLT valuesFig. 2. Frequency distribution of operative temperature in the intertidal mudflat for Sinonova
flatline temperature (FLT)] of S. constricta with rising temperature in three thermal environm
A, ABT and FLT of individual clams are shown with operative temperature from three situation
difference was set at P b 0.05.(P b 0.001, Fig. 2B). In addition, S. constricta in air andmud-water condi-
tions showed greater differences between FLT and ABT values
(P b 0.001, Fig. 2C).
3.3. Sequencing, transcriptome assembly and functional annotation
After quality control of RNA-seq reads, a total of 508,816,199 pair-
end clean reads were obtained and used for transcriptome de novo as-
sembly, resulting in 174,935 transcripts and 100,209 unigenes
(Table 1). The N50 length of these unigenes was 2065 bp, with a mean
length of 100,788 bp (Table 1). After assembly, a total of 42,267,244
reads, whichmade up 83.03% of all clean reads, wasmapped to the tran-
scriptome (Table 1).
A total of 9876 (9.86%), 19,362 (19.32%), and 27,799 (27.74%)
unigenes were annotated in the COG, KOG and eggNOG protein data-
bases, respectively (Table 1). In the SwissProt database, 15,991 unigenes
(15.96%) were annotated. The most unigenes, 29,450 (29.39%), were
annotated by the NCBI-nr database. In GO and KEGG databases, a total
of 13,505 (13.48%) and 14,807 (14.78%) unigenes were annotated.
3.4. DEGs analysis and functional enrichment
In comparison with the control group, 736 DEGs (262 up-regulated
and 474 down-regulated) were obtained from clams that were heat
treated in the mud-air condition as well as 449 DEGs (96 up-regulated
and 353 down-regulated) from individuals heat treated in the mud-
water condition (Fig. 3A). After comparison of DEG information, indi-
viduals in both conditions shared 66mutual up-regulated genes and in-
dividuals from the mud-air condition showed more exclusive up-
regulated genes (Fig. 3B). Among themutual up-regulated genes, mem-
bers of the heat shock protein (HSP) family, including HSP70, HSP70
interacting protein (HSPBP1), and HSP23, as well as BAG3were observed
(Supplementary file 2). From the mud-air condition, elongation factor
1-gamma (EF1G), NFIA, MOCS3 and staphylococcal nuclease domain
containing protein 1 (SND1) were up-regulated. The data showed 290
down-regulated genes that were shared by individuals that were heat
treated in both conditions, which were many more than the numbers
of exclusive down-regulated genes in clams heat treated in either con-
dition (Fig. 3B).cula constricta (A), cardiac function parameters [Arrhenius break temperature (ABT) and
ents (B) and the mean difference between these two parameters (FLT-ABT) (C). In panel
s in the mudflat. In panel B and C, data are mean ± SD, n = 24 per group and significant
Table 1
Summary of sequencing data.
Sequencing stats Number
After trimming
Clean reads (pair-end) 508,816,199
Total nucleotide (bp) 1.52 × 1011
≥ Q30 ratio 94.43 ± 0.34%
After de novo assembly
Transcript 174,935
Unigene 100,209
N50 length of unigenes 2065
Mean length of unigenes 1007.88
After mapping
Mapped reads 422,672,444
Mapped ratio 83.03 ± 1.37%
Annotation of Unigenes
COG 9876
KOG 19,362
SwissProt 15,991
eggNOG 27,799
NCBI-nr 29,450
GO 13,505
KEGG 14,807
5W. Zhang et al. / Science of the Total Environment 710 (2020) 136280To explore the functions of DEGs, all DEGs were assigned to GO and
KEGG databases. The GO terms, tRNA processing (GO: 0008033),
peptidyl-amino acid modification (GO: 0018193), cellular response to
stress (GO: 0018193), ubiquitin-dependent protein catabolic process
(GO: 0006511), positive regulation of proteasomal ubiquitin-
dependent protein catabolic process (GO: 0032436), and negativeFig. 3.Number of differently expressed genes in Sinonovacula constrictaheat-treated undermud
values and fold change of expression levels of all genes in samples from treatment groups com
DEGs in samples from the two treatment groups (B).regulation of macromolecule metabolic process (GO: 0043632) were
significantly enriched with up-regulated genes from the mud-air
group (Fig. 4A). These GO terms included two important genes:
MOCS3 and SND1. No GO term was enriched with up-regulated genes
in the mud-water group. GO terms, including cellular macromolecule
metabolic process (GO: 0044260), gene expression (GO: 0010467),
translation (GO: 0006412), cellular protein modification process (GO:
0006464) and ribosome biogenesis (GO: 0042254), were significantly
enriched with down-regulated genes from both mud-air and mud-
water groups (Fig. 4A).
KEGG analysis showed that pathways, including ribosome
(KO03010), oxidative phosphorylation (KO00190), cardiacmuscle con-
traction (KO04260), and HIF-1 signaling pathway (KO04066), were sig-
nificantly enriched with DEGs from both mud-air and mud-water
groups (Fig. 4B). Specifically, there were 24 up-regulated genes and 94
down-regulated genes in the ribosome pathway from the mud-air
group whereas no up-regulated genes were observed in this pathway
from the mud-water group (Figs. 4B and 5). The up-regulated genes in
the mud-air group included members of large and small subunit ribo-
somal proteins (RPL and RPS) (Figs. 4B and 5).
3.5. Validation of RNA-seq results
Among the 10 genes validated, most genes showed the same or sim-
ilar changes in expression levels after heat treatments in mud-air and
mud-water conditions except forMOCS3, NFIA and REX2. Clams showed
increased mRNA levels of two isoforms of BAG3 when faced with heat
stress (PBAG3-1 = 0.002 and PBAG3-2 = 0.003, Fig. 6A). Similarly, three-air ormud-water conditions. The volcanodiagrams indicate the relationship between FDR
pared with those of the control group (A) and the Venn diagrams indicate the overlap of
Fig. 4. GO (A) and KEGG (B) enrichments of DEGs in Sinonovacula constricta heat treated in mud-air or mud-water.
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(PHSP23 = 0.002, PHSP70 = 0.002 and PHSP90 = 0.007, Fig. 6A). Two iso-
forms of HIF1A did not change in expression levels (PHIF1A-1 = 0.653
and PHIF1A-2 = 0.559, Fig. 6A). Expression levels of MOCS3 and REX2
both increased in clams that were heat treated in themud-air condition
but did not showa significant change in clams from themud-water con-
dition (PMOCS3=0.046 and PREX2= 0.011, Fig. 6B). Levels ofNFIAmRNA
increased in clams that were heat treated under both thermal condi-
tions and showed significantly higher levels in the mud-air condition
(P = 0.015, Fig. 6B). In general, the expression changes validated by
real-time PCR matched those from RNA-seq.4. Discussion
The thermal tolerance of organisms is an important adaptive physi-
ological response to habitat ambient temperature. For intertidal species,
ambient temperature changes with changing thermal environments
multiple times per day and, therefore, changing thermal regimes call
for rapid physiological adaptation. Differences in ABT or FLT values for
S. constricta in different thermal environments indicated different phys-
iological needs for thermal tolerance depending on the situation where
heat stress occurred. ABT value for S. constricta under the mud-air con-
dition was the same as that in air alone and well above the operative
Fig. 5. Ribosome pathway components showing significant difference between DEGs in heat-treated Sinonovacula constricta in the mud-air condition (A) and mud-water condition (B).
The red-filled boxes show up-regulated genes and those in green show down-regulated genes. The blue-filled boxes indicate genes showing both up-regulated and down-regulated
isoforms. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of global warming. The lack of a significant difference between aerial
ABT and ABT in the mud-air condition indicated that there was no
extra physiological demandon thermal sublethal limits in the full air en-
vironment, a situation that S. constricta rarely encounters. However,
therewas a higher thermal lethal limit for this species in the full air con-
dition, as indicated by the higher aerial FLT thatwas above the operative
temperature above mud. This may mean a higher likelihood for S.
constricta to survive heat stress if they are separated from the sediment
during the low tide. The peak operative temperatures under mud were
close to and even exceeded ABTs of several individuals in the mud-
water condition butwere far below theABTof clams in themud-air con-
dition. Therefore, a higher ABT in the situation that clams usually expe-
rience during emersion appears to be a crucial adaptation of S. constricta
to the high temperatures that can be experienced at low tide. In addi-
tion, since temperatures exceeding the thermal sublethal limit can af-
fect the burrowing behavior of bivalves, maintaining a relatively high
ABTmay offer this species a large thermal safety region in which to reg-
ulate their depth in the mud and reach a balance between stress avoid-
ance and resource acquisition (Archambault et al., 2013; Peng et al.,
2016). Although S. constricta showed different ABTs inmudwith overly-
ing air versus water, the clams exhibited the same FLT values in both
conditions. This indicated that the thermal stress during emersion did
not cause an extra direct threat to the survival of S. constricta. This also
resulted in a lesser difference between FLT and ABT of S. constricta in
the mud with overlying air, indicating potential physiological mecha-
nisms that may delay a situation where clams reach the ABT during
emersion, while not affecting the FLT.
The present study indicated that a common response to heat stress
plus extra physiological mechanisms help S. constricta to remit the ef-
fects of thermal stress in themud-air condition, whichmay further sup-
port the higher ABT mentioned above. Heat stress can cause proteins to
misfold or denature, leading to their aggregation and loss of physiolog-
ical functions (Feder andHofmann, 1999;Mayer, 2010). Heat stress also
potentially affects ribosome structures that could inhibit the translation
process in S. constricta. Therefore, maintaining the structures and func-
tions of existing proteins is essential for enduring heat stress. The heat
shock response is an important protectivemechanism for the proteomeand includes the accumulation of both constitutively expressed and in-
ducible HSP isoforms to protect stress-labile proteins under heat stress.
Indeed, constitutive and induced HSP expression levels are known to be
associated with the capacities of species to deal with thermal stress
(Evgen'Ev et al., 2014). The clam S. constricta up-regulated HSP genes
when they encountered high temperature under two conditions, a phe-
nomenon also observed in other intertidal species (Chapple et al., 1998;
Chu et al., 2015; Zhang et al., 2012). This indicates a pressing need to
maintain protein functions in S. constricta to fight adverse effects caused
by heat stress.
Another important response mechanism to heat stress in S.
constricta is the regulation of apoptosis, demonstrated particularly by
an up-regulated expression of BAG3 by over 30-fold (Fig. 6A). BAG3pro-
tein is an important co-chaperone which interacts with HSP70 to regu-
late protein folding in response tomultiple stresses (Gamerdinger et al.,
2011). Importantly, hyperexpression of BAG3 can reduce apoptosis and
help to maintain protein homeostasis by mediating adaptation of the
protein quality control system (Lee et al., 1999; Gamerdinger et al.,
2014). The physiological role of BAG3 in the heat stress response has
rarely been reported in studies of mollusks and our results provide
strong new information that up-regulated BAG3 expression to inhibit
apoptosismay be a central mechanism for S. constricta to defend against
thermal stress.
S. constricta showed differences in ABTs in mud when clams were
assessed with overlying air or water but these two thermal environ-
ments did not cause differences in the expression levels of genes in-
volved in the heat shock response, indicating that extra mechanisms
may be involved in the response of S. constricta to heat stress during
emersion. Our results showed that the specific regulation of translation
processes dealing with the adverse effects of heat stress on ribosome
structures and translation reactions responded to heat stress experi-
enced by S. constricta in the mud-air condition, which may contribute
to the higher thermal sublethal limits of S. constricta in mud-air condi-
tion. High temperature inhibition of protein synthesis has been reported
widely (Lindquist, 1985; Liu et al., 2013). Thismay be due to an instabil-
ity of ribosomal subregions during heat stress. The present study
showed up-regulated expression of several ribosomal protein genes in
S. constricta heat treated in mud with overlying air but only down-
Fig. 6. Validation of genes with important physiological functions by real-time PCR. Genes that showed the same/similar changes in expression levels for both heat treated groups are
shown in (A) and genes that showed significant differences in expression levels between the two thermal environments are shown in (B). Data are mean ± SE, significant difference
was set as P b 0.05 and n = 6 per group.
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with overlying water. Up-regulated ribosomal protein genes associated
with both large and small subunits can contribute to tolerance of ther-
mal stress in fish by stabilizing various subregions of the ribosome
(Quinn et al., 2011). Up-regulation of ribosomal protein mRNA tran-
scripts in S. constricta heat treated in the mud-air condition may help
to remit the effect of thermal stress and indicates a special effort to pro-
tect ribosome structure/function,whichmay be an adaptivemechanism
to heat stress during emersion. Similar mechanisms can also be ob-
tained by regulating expression levels of other specific genes, such as
MOCS3, REX2 or SND1. Protein translation is an energetically demanding
process and tRNA thiolation mediated by activated MOCS3 supports
cells to efficiently translate special genes and modulate metabolic ho-
meostasis (Laxman et al., 2013). In fact, the level of tRNA thiolation is
also linkedwith translational competence (Rizzi et al., 1996). Therefore,
up-regulated expression of MOCS3 in S. constricta heat treated in the
mud-air conditionmaywork tomaintain translational efficiency during
heat stress, especially for required stress-responsive proteins. The pro-
tein expressed by REX2 can regulate RNA levels in RNA processing and
degradation (Arraiano et al., 2010). This protein can degrade small
single-stranded RNA fragments of less than five nucleotides and is re-
quired to complete the degradation of mRNA to maintain cell viability(Ghosh and Deutscher, 1999). Similarly, SND1 protein works in RNA
protection during the stress response by interacting with stress granule
proteins or degrading hyper-edited regions of double-stranded RNAs
(Armengol et al., 2014). All these point to a potential ability of S.
constricta to maintain the efficiency and completeness of translation in
the presence of heat stress effects on translation or metabolism. This
may remit the effect of heat stress and be an essential adaptation to
deal with rapidly changing thermal environments between emersion
and immersion.
The difference in expression levels of NFIA in S. constricta from the
two treatment groups is alsoworth noting. NFIA protein is amain inhib-
itor of the transcription factor NFκB and, once NFIA is degraded, NFκB
can translocate to the nucleus to activate downstream gene expression,
which involves multiple stress responses (Sheppard et al., 2014). The
more strongly up-regulated expression ofNFIA seen in S. constricta sam-
pled from themud-air condition meansmore attenuation of the activa-
tion of NFκB. Indeed, evidence from several sources has reported that
cells experiencing heat stress did not show degradation of NFIA protein
or activation of NFκB and this may be related to overexpression of HSPs,
such as HSP90 or HSP70 (Park et al., 2003; Sheppard et al., 2014; Zhen
et al., 2008). In fact, heat stress and NFκB overlap to regulate a set of
genes and the replacement of NFκB-mediated mechanisms by heat
Fig. 7. Summary of the molecular response of Sinonovacula constricta to thermal stress in different thermal environment: Genes involved in different functions (yellow boxes) were
inhibited by thermal stress and protein homeostasis may be affected. These induced common heat shock response via BAG3 and HSPs (green box outside the dotted box). In the mud-
air condition, thermal stress induced extra response mechanisms (green box in the dotted box) to further remit the adverse effect of thermal stress and delay the delay thermal
sublethal effects. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sponse to stress (Janus et al., 2015). Meanwhile, attenuation of the acti-
vation of NFκB can suppress the NFκB mediated inflammatory or
immune responses as a useful survival response during cellular stress
(Demeester et al., 2001; Vivek and Wong, 2002). In the present study,
although little change was observed in the expression of NFκB down-
stream genes, increased NFIAmRNAmay contribute to greater attenua-
tion of the activation of NFκB and result in a more robust response to
heat stress to remit adverse effects.
To cope with thermal stress, organisms should overcome two basic
perturbations caused by high temperature – damage to protein struc-
ture and higher energy demands due to temperature effects on meta-
bolic rate (Somero, 2002). In addition to the common heat stress
activation of HSPs, S. constricta in the mud-air condition showed more
effective mechanisms for maintaining protein homeostasis when they
encountered the same heat stress experienced by individuals in the
mud-water condition (Fig. 7). These mechanisms, which could further
remit the effect of thermal stress, may expand the thermal tolerance
of S. constricta, and are important adaptive responses to the specific
thermal environment. However, our results did not show indications
of anaerobic metabolism occurring in S. constricta under heat stress,
which is common in mussels or snails coping with heat stress or during
emersion on rocky shores (Han et al., 2016; Somero, 2002). Hence, al-
though the stress temperatures used in the present study are higher
than the habitat ambient temperature or around the thermal sublethal
limits of this species, this was apparently not enough to cause a severe
imbalance of energymetabolism in the clams. On the other hand, desic-
cation during emersion can affect gas exchange via the respiratory sur-
faces and, in turn, interferewith oxygen acquisition by intertidal species
(Sokolova and Pörtner, 2001). The burrowing clam S. constricta rarely
experiences fully aerial environments in their natural habitat during
emersion and probably maintains hydration at most times. Therefore,
S. constricta may still maintain aerobic energy metabolism, which
meets its physiological energy needs to endure thermal or any other
stress during emersion. This may be an adaptive mechanism to deal
with heat stress during emersion and may offer advantages for inter-
tidal burrowing species in dealing with global warming as well.
In conclusion, the present study revealed physiological adaptations
of a typical burrowing bivalve, S. constricta, to its intertidal mudflat en-
vironment, centering on thermal adaptation. S. constricta showed a
higher thermal sublethal limit in mud with overlying air, the thermalenvironment that they usually experience during emersion, than in
mud with overlying water. This sublethal limit is higher than the peak
temperature in the sediment and can help the clams to endure heat
stress during low tide and buffer the adverse effects of global climate
change. These clams employed the common heat shock response to
thermal stress, including up-regulated expression of BAG3 and HSP
genes, occurring in clams in mud with either overlying air or water
(Fig. 7). Extra physiological mechanisms, such as maintenance of ribo-
some subunits, regulation of translation, and NFκB action, could work
to delay reaching a thermal sublethal limit in S. constricta in mud-air
condition (Fig. 7). Our findings provide a foundation for future research
into the adaptive and evolutionary consequences for burrowing species
inhabiting intertidal mudflats in the context of global climate change.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.136280.
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